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PREFACE

This technical report was prepared in partial fulfillment
of the requirements of Contract F33615-74-C-5098, AFML Project No.
7340 Task No. 734001 and AFRPL Project No. 3059 wi th the Space and
Missiles Systems Branch , Systems Support Division , Air Force Materials
Laboratory . Lt. Glenn Hollenberg and Mr. John D. Latva , AFML/MXS ,
provided technical direction for the Air Force Materials Laboratory .

This report covers work conducted during the period
1 April 1974 through 1 October 1975 and constitutes the final report
under this contract.

This study was conducted wi thin the Nozzle Development
Department , Research and Technology Division , Atlantic Research
Corporation , 5390 Cherokee Avenue , Alexandria , Virg inia 22314. The
Principal Investigator was Dr. J. P. Copeland. Dr. R. S. Diefendorf
of Rensselear Polytechnic Institute served as Technical Consultant.
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SECTION I
INTRODUCTION

The objecti ve of th i s program was to establ i sh a fun damenta l
inter pretation of the codeposition of silicon carbide (SiC) and pyrolytic

graphite (PG). Prior and concurrent Air Force-sponsored programs were pri-

mari ly ori ented toward the fabri cation of nozzl e components and materia l
specimens for tes t f i rings an d properties measuremen ts. Consequently , the
deposition effort during these programs was directed toward the fabri cation

of del i verable i tems .

The program descr ibe d i n th i s report prov id ed a means for i n-
vest ig ating the PG/S i C p rocess i n an or derly manner and allowed i nves ti gati on
of p rocess conditions not rout in el y used in the past. When initiated , the
program had four basic tasks :

(1) Deposition Study — A series of experimental deposition Iruns were to be conducted in order to establish relation-
shi ps between process conditions and coati ng microstru c-

tu res. The results of these experiments were to aid in

the development of a theoretical process model.

(2) Character izat ion of Coatings — General properties incl ud-
ing density , silicon carbide content and mi crostructure

were to be evaluated for all coatings. Thermal expansion ,

both ab and c direction , were to be measure d also on
selecte d specimens .

(3) Structu ral Model - An anal ysis was to be conducted , via

a su bcontr ac t, which would relate the mocrostructure of

codeposit coatings to selected thermal —mechanical proper-

ties.

(4) Process Recommendation - The process and structural models

were to be combined to form a procedure for predicting

therma l -mechanical properties from process parameters .

At the onset uf the program , at the suggestion of the techni-

cal moni tor , it was decided to emphasize deposition at reduced pressure .

Consequently, the run matri x for the deposition study was structured to

de termine conditions under wh i ch an acicular silicon carbide structure could be
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obtained. When success was achieved w i th a s imp le axisymmetric , cylindrical
geometry , then a final deposition run was conducted in an attempt to apply a
coating with similar rriicrostructure to a highly contoured surface , i.e., a
subscale nosecap.

The structura l modeling effort originally planned during this
program was deleted in order to provide resources for a fu rnace gas flow
study . Diff iculties had been encountered duri ng the AFRPL Scale—Up Program
when attempts were made to coat nosecaps for 7.0 inch nozzles using the stan-
dard atmospheric pressure process. During the course of an in-house study of

this process it became apparent that the gas flow field in the furnace was a
critical process parameter. This conclusion led to the re-direction of the
program to inc lude a fl ow simulation task.

As a result of the re-direction , the fourth program task could
not be accomplished since a structural model was not available. Further , the
decision to coat nozzle components led to the consumption of the remaining
resources of the program . Consequently, a rigorous process mode l could not
be developed. 

I 
-

Section II summarizes the technica l accomplishments of
th is program . A detailed discussion of the deposition study i s  conta i ned
in Section III. Section IV describes the flow simulation study.
Section V lists the major conclusio ns and recommendations of this

program .

2
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SECTION I I

SUMM A RY

This report describes a program conducted to investigate the
relationshi ps between process conditi ons and PG/SIC codeposit coating charac-

teristi cs. The work was directed primarily toward the investigation of con-

di tions other than those routi nely used to coat test components for other
programs . The program involved two areas of study: (1) reduced (subatmos-

pheric) pressure codepositi on and (2) gas flow characteristics in atmospheric

pressure furnaces used to coat large nozzle components .

The deposition study involved the conduct of a series of ex-

perimental runs in order to establish condit i ons which produ ced an aci cular
SiC structure in the codeposit. Then a final run was conducted in an attemp t

to apply a coating with this microstructure to a contoured surface which simu-

la ted a subscale nosecap.

The flow study involve d the constructi on and operati on of a 2D

water analog of large deposition furnaces . The analog was used to simulate

flow patterns i n furnace assemb lies then i n use to coat nosecaps and throat
inserts for 7.0 inch nozzles.

A ma jor conclusion of this program is that the SIC structure

is dependen t on pressure , but an aci cular SiC structure can be ach ieved at re-
duced pressure . Further , acce pt ab le depos i t i on rates can be ac h ieve d at re-
duced pressure . General ly, smooth coatings result and the bond wi th the sub-

strate ma terial (AU graphite ) is strong .

_ _  

3
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SECTION I I I

DEP OSITION STUDY

1. Objective and ,~pproach

The objectives of the deposition study were to determ i ne whether

an acicular SiC structure could be codeposited with PG at reduced pressure ,

an d if successful , to deposit a coatin g w i th th i s microstructure on a contoure d
surface suc h as a subscale nosecap. The initial attempts to achieve the de-

sired structure invo l ved adopting the diluent (N 2) flowrates and methane con-

centration routinely used to fabricate unalloyed PG at reduced pressure .

Several coati ng runs were conducted during which various amounts of methyl-

tri chloros i lane (MTS , precursor for SiC) were blended with the baseline gas

mixture . None of these runs produced the desired structure . A second approach

‘.~as tested in wh ich t he reactive gas composition (ratio of methane to ITS)
used in  the atmosp heric pressure process was adopted as baseline , the diluent

~ias el iminated and a series of coatings were deposited at various temperatures

and pressures. The desired m i crostruc ture was obtained duri ng th i s seri es.
Se lection of conditions for coating the nosecap contour were derived directl y

from tie resul ts of th is second run series .

-4- 
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2. A pparatu s

a. Furnaces

Two low pressure high temperature inducti on furnaces were used

duri ng this study . Both fu rnaces were heated by a 250 KW , 180 power suppl y. - ‘

The larger of the two furnaces , referred to as the 14 inch 1.0. reduced pres-

sure coati ngs furnace , was used for runs # 18-14, # 18-15 and # 101-17 . It

has a usable vapor deposi tion chamber 14 inches in diame ter by 18 inches
hi gh. The smaller furnace , referred to as the 8 inch 1.0. reduced pressure

coatin gs furnace , was used for run # 458-25. Its deposition chamber measures

8 i nches in diameter by 16 inches high. The process gas injectors in both

furnaces are equally spaced aroun d the circumference of the bottom of the
deposition chambers . The larger furnace has six injectors , the smaller has
three. The injectors can be angled from near vertical to 18° from verti cal

so that the process gas flow pattern can be adjusted prior to a run .

Both furnaces are operated insi de reduced pressure chambers
to provi de the necessary condi tions for low pressure vapor deposition. The

vacuum is provided by a 300 CFM mechanica l pump, with fil ters and thro ttlin g

valves between the chambers and the pump .

b . Temperature Measurement

The temperature of the deposition surface inside the furnace

was monitore d using a cal i brated optical pyrometer (L & N ~ 8632-F) with

accuracy traceable to the N.B.S. The calibration was performed by the pyro-

meter manufacturer. At a temperature of 32000 F the pyrometer was accurate

wi th in 20 F and at 40000 F the accuracy was ± 10° F.

c . Process Gas Supply and Measurement

The process gases enteri ng the furnace deposition chambers
were composed of various combinations of nitrogen , methane and methyltri-
chiorosilane (CH3S1C1 3). The nitro gen and methane were metered in the

gaseous state through rotameters having an accuracy of ± l0~. The methy l tri-

chlorosi lane , abb rev i ated MIS, was metered by two different methods. During

the first three runs (18-14, 18-1 5 and 458-25) the MTS flow was measured by

5
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monitoring the weight loss of MIS liquid from the five gallon bubbler used
to supply the FITS. The carrier gas used wi th the MTS bubbler was either ‘

I

ni trogen or methane diverted from the process gas flow. The carrier gas was h
recombined wi th the process gas stream after being saturated wi th MIS vapor.

The other method of metering MIS , used for run # 101-17 , was direct measure-
ment of MTS liquid flow using a rotameter. The MTS was stored in a five (5)

gallon pressure vessel which is refilled under pressure from a 55 gallon
drum. The MIS was vapori z~d and combi ned with the process gas flow in a
plenum heated to 1 80°F.

The rotameter used for MIS measurement was calibrated by dis-
charging the MIS liquid from the rotameter into a graduated cylinder for a
known period of time . The rate was determined th ree times at each of four
different sca le readings. The average actual volumetric flow rate was then
computed in cc/hour for each scale reading and plo t t ed  a g a i n s t  the i n d i c a t e d

flow rate. (See Figure 1 .) Repeatibility was determined to be within 2%

at the flow rate used in run # 1 01-17.

The process nitrogen is stored as a cryogenic liquid in a

2000 gallon dewar and is vapori zed before entering the laboratory . Methane

(commercial grade ) is stored at room temperatu re in standard 1A size pres-

surized cylin ders .

3. Parametric Deposition Experiments

The fi rst three runs in this program (18-14 , 18-15 and 458-

25) were a series of deposition experiments designed to determine the neces-

sary parameters * for depositin g a specific type of coati ng of pyroly tic
graphite alloyed wi th silicon carbide at reduced pressure conditions . Each

run was divided into several segments so that more than one set of variables
could be examined during each run. This procedure allowed the testing of
eleven sets of parameters in three runs.

a. Run #1 8-14: Description and Results

Deposition run # 18-14 was performed in the 14 inch 1.0.

*(e.g., temperature , pressure , gas flow , gas mixture

)6
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reduce d p ressure coa ti ngs furnace an d consisted of four se parate , consecutive

sets of process conditions or cases. The fi rst and fourth cases were pure PG
deposition , while the second and third cases were PG/SiC codeposition. The

pur pose of the fi rst and fourth cases usin g PG was to prov i de a reference
microstructu re for coniparison with the PG/SiC material made under similar

conditions.

The PG layers of the coati ng were depos i ted from methane di-
luted with nitrogen. The PG/SiC l ayers were deposited from methane and

methyltrichiorosilane diluted with nitrogen. The parameters investigated in

this run were total process gas fl ow rate and deposition chamber pressure .
See Table 1 for an outline of the depositior condit ions. The ranges of
conditions shown for each case in the table indicate continuous changes in
the con di ti ons over the dur ation of the case.

The deposition was performed on the ou ts ide surface of a cylin-
dri cal ATJ graphite substrate , 4 inches in diameter and 16 inches in length .
Figure 2 shows the geometry of the furnace deposit ion chamber.

A one hour PG precoat at the conditions of Case ~ 1 was de-
posited on the substra te preceding Case 1 to allow release of the coating.

Between the precoat and Case # 1 , and between each of the cases , a fl ag or

marker layer of carbon was deposited. This f lag layer was deposited from
undiluted CH 4 for f ive minutes, fol lowed by a purge of N2 for ten minutes.
With this method of flagging between cases , layers of similar niicrostructure

can be easi ly identi f ied for relation to the process condit ions.

The planned furnace chamber operating pressure of 13 cri Hg
increased s lowly during the run to 53 mm Hg after 15 hours of operat ion. An
air leak related to the heating of a f lange on the vacuum chamber was respon-
sible for the pressure rise , which was not evident during the early h o u r s  of

the run.

The air leak prompted a reduction of the process gas f lows in-
to the furnace in an attempt to mainta in  t1ie desired low pressure . This w~~
not entirely successfu l , and the run was tI r i nat rd  e ir ly (a f ter  19.5 hours -

including heat —up) due to phiggi ng I t  the f u r r l , 1LV ex (~d~4 s t  ~-i hi (ii was caused
by soot ing of the process q I IS.

8 
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Silicon carbide needles were not present in the mi crostructure
of either of the codeposited l ayers.

b. Run # 1 8- 1 5

The second coatings run of pyrolytic graphite codeposited

wi th silicon carbide at reduced pressure was carried out in the same furnace

as Run # 18—14.

T h i s  depos i t i on ( run  18-15) consisted essentially of three

separate sets of process conditions. The firs t set of conditions deposited
pure PG. This was used to provide a reference microstructure as well as a
man drel release coat. The second and third deposition layers were of PG/SiC

codeposi tion.

The pyroly ti c graphite was deposited from methane d i lute d
wit h nit rogen. Codeposi ts of PG/SIC were deposi ted from methane and methyl-
trichloro si lane di lu ted wi th ni trogen.

The ranges of conditions for each test case are shown in Table

‘~~ Deposition was performed on the outs i de of a cylindri cal ATJ graphite

substrate , 4 i nches in diamete r and 16 inches high. The geometry of the fur-

nace deposition chamber is the same as used in Run # 18—14 , shown in Fi gure
2.

A four-hour PG coating was initially deposited at ‘ 3800° F on

the substrate to permi t release of the coati ngs from the mandrel as well as
provide a reference microstruc ture . Th is PG deposition was conducted using

a total gas flow of 150 SCFH , wi th methane comprising 40 vo lume percent of
the total gas flow .

Between each of the deposition layers a flag or marker was de-

posi ted from undiluted methane for five minutes , followed by a purge of nitro-

gen for ten minutes .

During Case # 2, PG/SiC was deposited at a total gas flow of
100 SCFI-i , wi th methane compri sing 40 volume percent and methyltr i chlorosi lane
0.9 volume percent. A furnace operating pressure of 12-13 m Hg was schedul-

ed , but during the run the pressure increased to 29 mm Hg. After 3 1/4 hours
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into the schedu led 4 hour deposition the run was terminated and corrective
action attempted.

The vacuum valve to the furnace and all gas flows were closed.
The vacuum fi l ter element was then replaced with a new one and the f i l ter re-
assembled . This action reduced furnace pressure to 16 mm Hg and the next de-

positi on (Case # 3) was started.

During Case # 3 PG/SiC was deposited at a total gas flow of

100 SCFH , with FITS comprising 1.2 volume percent of the total gas flow . After

30 m i nutes of deposi tion , wi th no rise in pressure , the process gases began
exiting from the view tubes . This effect was initially thought to be due to
clogging of the furnace exhaust tube . At this time the furnace operation was

terminated , and a leak was found at the interface of the exhaust flange and
the vacuum tank base. This leak was due to a faulty gasket.

Silicon carbide needles were not present in either of the co-

deposition l ayers made during this run.

c. Run # 458-25 0

The third codepositi on run of pyrolyti c graphite and silicon

carbide was performed in the 8 inch I.D. reduced pressure coatings furnace .

The coatin g l ayers were appl i ed to the outside of a stationary cylindrical

graphite substrate 2 inches in diameter and 18 i nches long.

Four sets o’ process parameters were tested i n th i s deposit i on
run to produce four PG/SiC codeposited l ayers . Between each l ayer a flag of

pure PG was deposited from undiluted methane. The four l ayers of codeposited

PG/SiC were the results of CVD using methane and MIS. No diluent nitrogen

was used with the process gas during the deposition. Table 3. shows the

range of conditions used during the four test cases .

Case # 1 and # 2 were performed under essentially identical

condit ions except for pressure . Case # 1 was performed at 5.5 mm Hg whereas
Case # 2 was maintained at 30 mm Hy. A total gas flow of 10.6 SCFH was used

of which MTS compri sed 6 volume percent. Furnace temperatures were maintained
from 3170° — 3290° F (1744° — 181 0° C).

13
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Case ~ 3 was performed at a reduced furnace temperature (3010°-
30500 F). The difference between Case ° 2 and Case 3 was temperatu re, wi th
Case ~ 2 run at ~ 3200° F and Case ~3 at ‘~ 

30000 F. Pressures and flow rates

were essentia lly the same . A sl ight reduction in the MTS concen trat i on from
6 to 5 volume percent resulted , i n  Case 3, due to temperature variance in the

si lane storage tank.

Case # 4 differed from Case # ~ in that the tota l gas fl ow
was doubled . Temperature and furnace pressure were essentially unchanged .

The firs t set of condi tions produced granular SIC crystals in

the PG matrix. The remaining three cases deposited acicular (needle-like)
SiC crystals in the matrix. Figure 3. contains photographs comparing the

microstructures resulti ng from the four sets of process parameters .

The coatings fabri cated in this run were subjected to more de-

taile d analysis than the coati ngs of the previous two runs. Following is a

suniiiary of the analysis of the coating microstructure of the four cases of

run # 458-25. The results summarized below are outlined in Table 3.

Case No. 1: This test case was depos ited at the highest fur-

nace temperature (‘
~ 
3250° F) and l owest furnace pressure (5.5 torr) of the

four cases . It was found to contain no SiC needles . Smooth , well-sha ped PG

cones (
~ 30° angles) were observed . The ini tial 1/3 of the coating contained

delaminations . The SiC concentration was determined to be 8.8% (sink/fl oat

method).

A depositi on rate of ‘— 4.6 mils/hr was calculated , based on
the average coati ng thickness.

Case No. 2: The basic conditions were “~ 3200° F at 30 torr.
The deposited cones were observed to be very smooth and well-shaped wi th good
symmetry . Cone angles were found to be 30 degrees . Acicular as well as
asymmetrical SiC needles were present in the matrix. Acicular needle dia-

me ters range from .02 - .04 mils wi th an L/D aspect ratio range of 5/1 -

lO/l. Some very large SiC crystals of asymmetrical nature were found to have

average diameters of .06 mils and LID ratios of 3/1 - 4/ 1.

Si C distr ib ution was very good i n the PG ma trix and cons i sted

15
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of about 9.5 weight percent (s ink/ f loat  method).

The average rate of PG/ SiC deposit ion was ‘~~ 13 mi ls/ hr.

Case No. 3: Case No. 3 was deposited at ~ 3000° F (about 200°
F lower than Case No. 2 ) at a pressure of 30 torr , and was f o u n d  to c o n t a i n

smooth , wel l-rounded PG cones (30° angles ) and Si C crystals. The Si C crystals
were very evenly distributed and comprised about 21.5 percent of the matrix.

Avera ge needle diameters ranged from .02 - .06 mils with a few diameters of

0.4 mils. SiC crystals were found as acicular as well as asymmetrical shapes.

A deposition rate of 12.5 mils/hr was determined based on sam-

ple thickness.

Case No. 4: The temperature and pressure of this case were

about the same as Case No. 3. The process gas flow rate was doubled . PG

cone structu res were found to be sim i lar to those of the preced i ng three
cases. Si C dis trib ution was good and exi sted as i nterconnec ted asymmetri cal
shapes as sell as acicular needles. Average SiC diameters varied from .015

to .12 mils wi th L/D ratios of 4/1 - 20/1. A s i l i c o n  ca rb ide  content  of

21.5 was determined based on the s ink/ f loat  density me thod. The deposit ion
rate was 16.8 mils based on the average sam ple th i ckness.

d. Results Compar i son

In the three runs comprising the parametric deposition experi-
men ts eleven com bi na ti ons of temperature , pressure and gas fl ow rate were

tested .

Di spersed silicon carbid e aciculae were produced i n three of
the eleven cases. These coat i ngs , Cases ~ 2, ~ 3, and 4 of run ~ 458—25 ,
were deposited at 2970 to 3250° F (1632 - 1788° C) wi th a furnace pressure

of 30 torr from a p rocess gas con taining only methane and MIS. The MTS frac-

tion was 5 to 6 volume percent.

The MTS volume percen t and the furnace pressure app ear as key
parameters for forming SiC needles when deposited near the temperature of

3200° F (17600 C). Ca~~ ~ 1 of run ~ 453—25 was similar to cases 2, 3,
and # 4 of that run except for having a l ower furnace pressure (5.5 torr).

18 
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SiC was present in Case # 1 , but no acicular structu re was present.

The temperature dependence of SiC concentration was observed
in run # 458-25 to be similar to that found when depositing PG/SiC at atmos-
pheri c pressure . Cases # 2 and # 3 which were performed under similar con-
di tions except for temperature , show this relation. The 3250° - 3170°F
(1788 - 1743° C) coati ng of case # 2 contained 9.8% SiC. The 3050° - 3010°
F (1677 - 1654° C) coating of Case 3 contained 21.5 % SiC. By reducing the

temperature from approximately 3200° F (1760° C) to 3000° F (1649° C) the SiC

concentration was approximat ely doubled.

I
4. Coating Application Test - Run # 101-17

Run # 458-25 demonstrated that a dispersion of SiC acicu lae

could be grown wi thin a PG matrix at subatmospheri c pressure . This result
suggester~ the possi bil ity of modify i ng the basic codepos i t i on process to
perate at reduced pressure yielding s ignificant benefits in terms of lower
nitrogen consumption and elimination of the flow distribution problems en-

counte red with complex geometries when depositing at atmospheri c pressure .

With concurrence of the AFML Technica l Monitor , the dec i sion
was made to direct the effort remainin g on th i s program to determinin g the
feasi bility of reduced pressure codepositi on for coating rocket nozzle com-

ponents of realisti c dimensions using a simulated half-scale entrance cap

confi gura ti on.

a . Furnace Preparation

The 14 inch I.D. reduced pressure furnace required modifi ca-

tion in two areas prior to this run : (1) Reduction and removal of excess
soot expected to occu r in the furnace exhaust and (2) installation of higher
capaci ty MIS del ivery and metering system.

(1) Residual Soot Removal

Prev ious experience with this furnace indicated that for this

run a greater capability to remove or prevent the accumulation of soot in

the vacuum line was necessary . Soot forms from excess process gases being

heated to cracking temperature as they pass through the deposition and

19
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exhaust cham bers of the furnace . This soot is carried out through the ex-
haust line toward the vacuum pump . A filte r in the line prevents the soot

from reaching the pump. Under very sooty conditi ons , the fi lter will become
res tri cte d , wh ich causes the furnace pressure to rise above desired levels.

Four metho ds of relieving the soot problem were recognized:

(1) reduction of free volume in the deposition chamber (increasing the sur-

face to volume ratio) allowing a reduction in the flow of process gases ; (2)

increased surface area in the exhaust chamber to deposit out greater amounts

of carbon as PG/SiC rather than the low bulk density soot; (3) construction

of a trap for the soot particles just outside the hot region of the furnace ;

and (4) installation of another fi l ter in parallel wi th the existing vacuum

l ine fi l ter to allow alternate cleaning of one fi l ter element while the other

is in service .

The free volume of the deposition cham ber was reduced by usin g

a substrate larger than previously used in this furnace .

A series of stacked baffle plates was placed in the exhaust
chamber to increase the surface area for deposition of PG/SiC from excess

p rocess gases , assumi ng that if more carbon is removed in the hot exhaust

cham ber as PG/SIC , less will be availa ble to form soot which is carried out
of the furnace by the gas flow.

A soot trap was built outside the furnace , but i nside the re-
duced pressure cham ber , to encoura ge settl i ng out of the soot from the gas
before flowing to the in -line parallel filters . The trap, shown i n Fi gure
4, consisted of an 8 inch I.D. carbon pipe 48 inches high. The exhaust

products entered the vertical pipe from a 6 inch I.D. carbon standpipe wi th

open ports 12 inches from the bottom of the 8 i nch pipe . The intent was for

particulates to collect in the 12 inch high space at the bottom of the trap.

An in-line vacuum fi lter with twice the rated capacity of the
exist ing fi lter was instal led in paralle l with the exist ing f i l ter. A 3 inch
dia phragm valve was attached to each end of each fi l ter so that chang i ng
f rom one f i lter to the other could be accomplished smoothly. A mercury mano-

meter was placed across the fi lters to indicate any changes in the differen-
tial pressure across the fi lte r resul tin g from soot collec ti ng on the element

20 
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and reducin g gas flow throu gh the fil ter. While one fil ter was i n use , the
other coul d be di sassemb le d for clean i ng of the elemen t.

(2) Methyl trichloro silane Liquid Delivery System

A system to deliver and accura tely meter liquid MTS flow was

assembled for use with the reduced pressure furnace . The liquid FITS fl ow

was measured wi th a rotameter after wh i ch the MTS and methane were m i xed as
they passed through a 500 cc chamber heated to 80° C. The heat ins -~red rapid

vapor ization of the FITS. This system offered reliability and repea tibility

that was not inherent in the bubbler system used wi th the previous runs. Al

Also , the bubbler was not capable of supplying the higher MTS fl ow rates re-

quired for this run.

(3) Deposition Hardware

The substrate chosen for the run is shown in Figure 5. The

ATJ graphite substrate was suspended with the entrance end down in the center

of the deposition chamber. The process gas flow was upward , so the flow im-

pinged on the entrance end of the nosecap surface befo.--e flowing both through

the throat and around the outside of the substrate .

The suspens i on for the subs trate was a 1 i nch d i ameter graphi te
post which extended verti cal ly from the bottom of the furnace and projected
through the center of the substrate throat region. The post connected to a
graph i te ri ng above the su bstrate by four radial spokes. The substrate was

fastened to the ri ng wi th four graphite bolts . See photographs in Figure 5.

and 6 .

Dur ing depositi on the substra te was constantly rota ted at 0.2

RPM. This speed was selected to approxima te the rotation in the atmospheric

pressure codeposit furnaces. The substrate rotation was imparted by the sup-

port post , wh ich coup led to a dr i ve mechanism loca ted beneath the cham ber.
Th i s mechan i sm also allowe d the su bstra te to be rai sed or l owered for ver ti-
cal al ig nmen t i n the furnace .

b. Run Description

Run 101-17 was conducted at 3000° F (1649° C) within a pressure

22 
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Figure 5. Run No. 101-17 , Substrate and Support Assembly - Side View .
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range of 14 to 23 mm Hg absolute . The PG/SiC CVD was from me thane (94.3

volume percent) and methyltrichiorosilane (5.7 volume percent). The total

process gas flow i nto th~ furnace was 100.7 SCFH (See Table 5.)

The target conditions for this run (3000° F, 15 torr , 94~
CH4, 6% FITS) were deri ved from the conditions of run ~ 458-25, case ~ 4. In
that run , a 2 inch male man d rel was coated i n a nomi nal 8 inch diame ter fur-
nace . The total gas flow rate for this run , which i nvolved a much larger
substrate and furnace , was established by scaling according to the ratio of
flow areas , a factor of approxima tely five . The deposition temperature and

gas composition were to be the same as duri ng Run # 458-25, case ~ 4.

A l ower pressure was chosen for this run in order to reduce

the amount of sooting. It is known that the tendency for sooting increases

as the volume of the deposition system increases. The maxir lum pressure at

which sootin g occurs is approximately inversely proportional to volume .

Hence , the pressure chosen was one-half that of Run # 458-25, Case ~ 4,
since the volume ratio for the two runs was approxima tely 2.

The intended operating pressure was 15 tir Hg; but during the

run , as the inl i ne vacuum fi l ter collec ted soot, the furnace pressure increas-
ed due to the restric ted flow . When a clean fil ter was brought in l i ne , the
pressure dropped back to the original value. The typical pressure pattern

was a rise from 14 to 22 mm Hg over a 90-mi nute period fol lowed by a drop
from 22 to 14 nm Hg over a 1 -mi nute period. There were f ive of these pres-
sure fluctuations resulting from the five filte r changes during the run.

The run was terminated after 8 hours of deposit ion. Soot f i lm
accumulation on the reduced pressure chamber windows preven ted accu rate tem-
pera ture monitoring and dictated an early end to the run.

The exhaust chamber baffle plates and the soot trap whic h were
to have removed the excess soot to prevent accumulation problems did not per-

form as planned. The baffle plates collected PG, as des i red , but also caused

turbulence and excessive gas heati ng in the exhaust chamber which resulte d in

sooti ng . Also , the soot particles that formed were too small to be settled
ou t in the soot trap and were carried out of the chamber to collect in the

vacuum lines as well as in the fi l ters .
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c. Results

On the leading edge of the nosecap where the gas flow separat-
ed to flow around both the inside and outside of the substrate , a synm’netri cal
feather-l ike skirt of PG/SIC developed , which grew into the gas flow at the
poi nt of separa ti on. The sk i rt can be seen i n the ph otograph of the coated
subs tra te , Figure 7.

Several cracks in the coating originated on the outside sur-

face of the substrate and , i n two cases , p ropa gated across the en trance end
of the nosecap and continued about 1/2 inch into the inner portion. No coat-

in g cracks originated on the inside of the nosecap configuration. The coat-

ing was wel l bonded to the substrate , as evidence d by tensile failure of the

ATJ graphite substra te, rather than debonding at crack sites in the coating.

The PG/SiC coating vari ed in thickness from 0.058 to 0.150

inc hes with the thickest portions being farthest from the injectors . The

sil icon carbide in the PG matrix was present as acicu lar needles as well as

asymmetrical grains. Five major microstructur ally distinct bands developed

in the coating which relate to changes in furnace pressure . Eighty to ninety

smaller bands , evenly spaced across the coating, related to the rotati on of
the substrate durin g deposition and reflect asynmetry in the gas flow pattern .

The bands can be identi fied in the photomi crograph montage of the enti re coat-
in g thickness (Figu re 8).

The five major bands , coincident with the five changes in fur-
nace pressure , each had a SiC concentration gradient across the band. At
position 2 on the subscale nosecap (See Figure 9), the SiC average concen-

tration , as determined by electron microprobe analysis , i ncreased from 5 - “

wei ght percent at the beginning of a band to 20 weight percent at the end of

a band. The average density at this positi on was 2.29. At position 3 (aver-

age density - 2.39), the S i C concentra t i on i ncreased ac ross each band from

10 to 30 weight percent; and , at position 1 (average density —2.13), the SiC

concentration is related to the furnace pressure (which varied from 14 nm Hg

at the beginning of a band to 22 mm Hg at the end of a band) and to the heat-

ing history of the depos ition gases ; that is , the duration and physical path

of the gas from the injector or i f ice to the deposition surface .
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Associated with any increase in the furnace pressure will be

a corresponding decrease in gas veloci ty and an increase in res idence  t ime

for gases which enter the deposition chamber at a constant mass flow rate.

This may indicate that the increase in SiC concentration wi th increasin g

pressure was caused not by pressure alone , but by reduced gas velocity and
increased time during which the deposition gases were heated before they
reached the depositi on surface.

Two other pressure related character i stics observed relate to
the structure of the PG and the shape and size of the SiC crystals. As the
pressure increased , the PG microstructure chan ged from a primarily surface

nucleated to a primarily continuously renucleated structure . This change is

most ev ident between 17 mm Hg and 19 mm Hg pressure . The SiC crystals (gra1ns

and aciculae ) increased in size as the furnace pressure increased . Grains of

SiC as large as 0.6 mil diameter were observed for pressures over 17 nm Hg,

and the acicular shaped crystals showed an increase in L/D ratio from 2/ 1 at
18 nm Hg to 20/1 at 22 mm Hg with diameters in the range of .06 m u .  The
aciculae were oriented perpendicular to the deposition surface .

Each of the 90 minor bands (average thickness 1 mil) was com-

posed of two l ayers: a l ayer of low SiC concentration followed by a l ayer of

hi gh SiC concentration. These low-to-high concentration differences vary

from 15 - 20 weight percent to 5 - 40 weight percent , as determined by elec-
tron m i croprobe analysis. The low concentration l ayers had randomly distri—

buted large SiC granules wi thin the layer,. The diameters of these granules
averaged approximately one-half of the thickness of the l ayer with an occasion-
al granule growi ng into a adjacent high concentration l ayer. The high concen-

- - 

tration layers contained a web—l i ke and fine granular SiC structure with the
SIC well dispersed in the PG matrix.

The l ayering wi th the sharp increases and decreases in SiC con-
centration is attributed to asynmnetry in the process gas flow , indicating the

.4 sensitivity of SiC concentration to changes in the flow patterns of the reac-
tant gas mixture .

Stationary graphite pins 0.125 inch diameter and 2 inches long
were located at four levels in the deposition chamber , spaced 45 degrees

31 

- .
- --- - - ~~~~~~~~-.~~~~



apart and pos i ti oned at an 80 degree angle to the chamber wall to record gas
flow phenomena duri ng the run by the type , sha pe , and thickness of the coat-
in g deposited on each pin. The pin locations are shown in Figure 4. The

coatin gs indicated reverse flow down the chamber wall s with heavy recircula-
tion on one side of the chamber . The recirculation caused excessive gas
heating and su bsequent sooti ng in part of the depos i tion cham ber. This flow
asymmetry was probably caused by the substrate and rotator mechanism being
1/4 inch off the center line of the deposition chamber and injector pattern .
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SECTION IV
FLOW ANALOG STUDIES

The PG/SiC codeposit furnaces normally consist of an annular

channel into which p rocess gases are fed by means of a multi-or ifice injec-

tor. The flow passage is intended to be such that the gases are transported

to the substrate to be coated while being heated to reaction temperature .
The flow is nominally laminar (NRe <2000), but the jet momentum from the i n-
jector ori fices is an important factor in determining the flow profile.

It has recentl y been recognized that the quality and quanti ty

of the PG/S i C coat i ng obta i ned may be si gnifi cantly influence d by flui d dy-
nam ic phenomena. The optimum flow profile past the substra te is not current-

ly know precisely. There are obvious interactions between flow phenomena

and the thermal and chemical environment. One can also hypothesize trans-
port mechanisms which coul d be heavily influence d by the nature of the flow
past the part.

The importance of understandi ng how flui d dynam i cs may af fec t
the deposition process is now recognized. To aid in obtaining this under-

standing, a two-dimensional flow simulator has been constructed. This unit

has been operate d to simulate the followin g coatin g confi gura ti ons:
Throat insert
Conven ti onal nosecap , s i ngle annulus
t-lodi fied single annulus nosecap

Doub le annulus nosecap
Inver ted nosecap.

The followi ng discussion describes these tests and the conclusions resulti ng

from these fl ow simulation studies .

1. Flow Simulator Design

The flow simulator was constructed of plexiglas to provide

v isual access to the flow passages. The unit is pictured in Figure 10. It

represents a volume of above one-twelfth that of the codeposit furnace . The

f low channel is full size , and the geometry is a cross section of the fur—

nace from the in jector to the exhaust port. The simulator is 14 inches long

by 8 inches wide by 4 inches deep.
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The internal furnace components were simulate d by bonding

bulk graphite cu touts in place . The dimension s and spacing were identical

to those used in actual furnace runs. An external connecto r was provided to

permit installation of different injector configurati ons . Initial tests
were made using N2 gas as the fluid , with a bulk flow rate such that the

Reynold ’s number was similar to that typical of furnace runs . Various types
of smoke or particulate matter were injected into the gas stream as tracers

of the flow profile. However , the flow variations were so rapid that they

could not be followed with the naked eye. Consequently, a sw it ch was ma de
to water as the fl ow medium . The same Reynold ’s number simulation was main-

tained , but the linear velocity was reduced to the point where a dye tracer

coul d be used to study the streamlines. The best results were obtained usinq

a fuchs in red dye wi th a detergent soluti on added. The combinati on of dye

and the small air bubb les allowe d sa ti sfactory stu dy of cases rangi ng from
laminar parallel flow to highly turbulent jet effects .

2. General Observations

Several surprising observations were made duri ng the flow

simula tor studies . These may have a signifi cant impact upon the design of

flow passa ges and injectors in the future. The i tems noted below are general ,

and apply in vary in g degree to all confi gurations. Specific observations for

the individual configurations will be discussed in detail later.

The first surprising observation was the degree of turbulence

that can exist in a fl ow channel wi th a Reynold’ s number in the laminar
region. The effect of the injector orifi ce jet momentum was clearly the
dominant factor affecting flow in the upper part of the channel. In general ,
by the time the f luid medium passed the subs trate , the flow was essent ial ly
laminar and parallel to the passage wa l l s .  This varied , of course , w i t h the
injector or i f ice size and orientation. On runs wi th a diffused injection
pat tern , flow was generally lam inar and parallel throughout the simulator.
However , the configuration that most closely simulated actual furnace opera-
tions exhibi ted extreme turbulence and serious flow perturbations because of

the high momentum of the jet. The results of the high jet momentum varied
depending upon the configuration tested.
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A second gene ral observation was that relatively minor changes

in injecto r locations or orientation could result in major flow variations.

This was particular ly evident with the double annulus confi guration shown in
Figure 10. Movement of the injector verti cally resulted in complete rever-
sal of the flow direction around the part. Thus , the flow was bimodal and
unsta ble. The impact of such flow variations in a depositi on run could be

immense. In other configurations , the effe cts were less p ronounce d , but still

ve ry si gnif icant , particularly when the flow channel d iver ged rapid ly.

Another important observation was the effect of sudden changes

in the flow geometry . Even with parallel laminar flow , a sudden divergence ,
step variat ion , or ra p i d turning of the flow could cause substantial recircu-

lation. The effects of these recirculation zones , even near the base of the

core body , could be seen to impact the flow in the vicinity of the substrate .

3. Throat Insert Configuration

Fi gure 11 . shows the furnace configuration used successfully

to coat throat inserts . This configuration was tested -in the flow simulator
to provide a basis for comparison wi th other desi gns. Ta b le 6 li sts the
cond itions teste d in the simula tor , and a brief statement of results .

The case which most closel y resemb les the actual furnace opera-
tion was a 1/8 injector orifice , oriented 45° to the axis and loca ted so
that the jet impinged near the center of the substra te. The Reynold ’s num-
ber based upon the wetted perimeter near the base of the substrate was about

1100 . The flow simulato r studies showed that the momentum of the jet was by

far the dominant factor in determining the flow profile. In the case noted

above , the jet impinged upon the substrate wi th a stagnation point near the

center of the par t. The flow reci rculate d back towar d the roo f and out to-
ward the core . The turbulent identity of the jet was maintained to the base

of the core , after which flow was generally lam i nar. The recirculation to

the roof was static , in that the same basic element of fluid formed a vortex

into which vir tually no new fluid fl owed . That is , an ae rodynamic boundary
• exis ted which deflected the jet away from the roof and was dri ven by the as-

pirating effect of the jet itself. Conversely, the recirculation to the

core was dynamic in natu re . T he flow forme d a vortex , but the main body
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continuously moved downstream and was replenished by the flow from the jet.

The jet momentum was dissipated and the flow became laminar by the time it
reached the base of the core .

Movin g the in jector locat i on closer to the core moved the
stagnation poi nt fur ther down toward the base of the su bstrate , wi th minimal
change in the flow profile. However , relocatin g the injector near the roof
resulted in signi ficantl y di fferent flow character i stics. The flui d attached
to the roof, and stagnated in the upper slot above the substrate . Reci rcula-

tion of the dynam i c type occurre d out towards the roof , an d turbulent flow
persisted to the base of the substra te. This case resulted in all fl ow past
the substrate go i ng in the downstream direction w it h extreme turbulence in
the upper slot.

Increasing the injector orientation angle from 450 to 60° re-
sulted in impingement of the jet on the roof. The flow then reflected to the
core , and there was general turbulence in the vicinity of the substrate , but
wi th no direct impingement upon it.

The jet momentum was reduced by increasing the orif ice size .
This resulted in similar f low patterns to those noted above. The strength of C

the turbulence was greatly di minishe d , however. When the jet was directed

down the axis to impinge on top of the core , the fluid attached to the core .
Sorie jet separation occurred , resulting in moderate turbulence near the sub-
strate . In general the flow was more laminar and parallel to the passage
wal ls  than in other cases .

4. Conventional Nose Cap Co~f~gyrat ion

The si ngle annulus con fig urat i on shown in Fig ure 12 has been
used in mos t runs for coating nose cap substrates. This geometry results in

direct impingement of the injector jet upon the substrate in a rapidly diver-
gin g flow channel. Resul ts of flow simula tor stu di es on th is confi gura tion
are given in Table 7.

This flow geometry is characterized by a rapidly diverging

channel to the su bstrat e fo l lowe d by sudden constriction at the base of the

substra te. With the high momentur - jet used in furnace operations , the flow
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impinges upon the substrate , then recirculates bac k to the roof and out to
the core. The vortex formed near the roof is of the static variety . The net

down flow of fluid continuously replenishes the core side vortex.

As in the insert case , the flow profile is dominated by injec-

tor j et effects . Moving the injector closer to the roof moves the stagna-
tion point upwards , but the s ame basic pattern persists . If the ori fi ce s ize
is increase d , the flow tends to attach to the roof, comple tely chan gin g the
flow character.

Dissipat ion of some of the jet momentum was accomplished by
turning the injector 180° to splash against the wa l l .  This resulted in
attachment to the core with counterclockwise recirculati on to the roof. The
flow past the substrate in this case was upstream .

Total dissipation of the jet momentum was achieved using a

porous diffuser. This led to parallel laminar flow , but w i th some m i ld eddy
curren ts formed as a result of the rapid divergence of the flow channel.

5. F’~odified Single Annulus Nose Cap Configuration

The conven tional nose cap geometry was modified to reduce the

rate of channel divergence and provide smooth , lar ge radius turns to direct

the flow . The modified geometry is shown in Figure 13. The intent was to

provide the maximum degree of laminarization of the flow before it reached

the substra te. Results of these tests are given in Table 3.

In general , the modified design did result in l aminarization

of the flow . However , even i n th is geometry , the hig h jet momentum associat-
ed with the 1/81 injector orifices led to rather vigorous turbulence . The

large radius turn tended to exhibit greater flow attachment (Coanda effect).
The reduced divergence rate was sti ll such that recirculation was not totally
eliminated excep t with the porous injector.

6. Double Annu lus Nose Cap Configuration

The double annulus geometry is intended to provide flow a
around the upper portion of the substrate , and thus insure suffici ent coat-
ing thickness at this point in furnace runs. It is pictu red in Figure 14.
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Figure 14. Double Annulus Nosecap Conf iquration
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Results of the flow simulator tests on this configuration are given in
Table 9. A photography of one dye experiment is shown in Figure 15.

The surpr i si ng observation wi th th s geometry was the bimod al
nature of the flow . Relocati on of the injector ve’ti cally resulted in either

clockwise or counterclockwise rotation of the flow aroun d the su bstra te. If
locate d very preci sely, a stagnation point would exist on the substrate , and

flow woul d proceed downstream aroun d the part on both si des. This balance
was extremely delica te , however , A sli ght upset could change the flow from

sp li t to rotational , i n ei ther di recti on.

This conf igurati on appears to be the most sensitive to injec-

t i on parameters , and the most diffi cult to control. The normal growth of
coati ng thickness could result in substantial var iat ion of the flow profi le.
However , wi th a porous injecto r with the momentum of the jet dissi pated ,
flow becomes laminar and proportional to the fl ow area. In this case , flow
i s stable and downstream on both sides of the su bstrate.

7. Inverted Substrate Nosecap Configurati on

The desira bility of parall el l aminar flow for coating opera-

tions has not been demonstra ted. From a flu id dynam ic stand poin t, however ,
this appears to be the most definable and controllable case. Figure 16 re-
p resen ts an attempt to p rovi de parallel , laminar flow by inverti ng the sub-

strate. In th is geometry, the flow channel di vergence is m i n i m i zed , as i s
the need to turn the flow as i t passes the substrate . Tab le 10 l i sts the
resul ts of flow simulator studies wi th this configuration.

These tests illustrated the need to turn the fluid gently, if

turbulence is to be avoided. The core base geometry was such that the flow
coul d not stay attached . It separated and stagna ted on the wall opposite the

rore base. This led to recirculation of flow upstream across the substrate ,

at ti mes covering two—thirds of the substrate surface . This observati on led

to modif icat ion of the core geometry to be used in actual furnace runs .

As noted before , the orifice jet momentum p lays a domi nan t
role in determining flow character. The 1/8’ or ifi ce cases generally re-
ta i ned the identity of the jet down to the substrate , and the turbulence
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- Inverted Substrate Nosecap Conf iguration
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created could be observed to the base of the core . It is apparent that the
jet momentum must be low i n order to achieve parallel , laminar flow which

can be analy ti call y define d .

8. Injector Criteria

The flow simula tor stu dies have shown clearl y the i mpor tance
of the injector in establishing the flow prof ile in the codeposit furnaces.
The sma ll orifice jet s currently used impose a high degree of tu rbulence in-
to a nomi nall y laminar flow system . The bulk NRe i n the furnaces is only
1 ,000 - 1,500 at the zone of least flow area. The jet often exhibits N Re of
35 ,000 to 50,000 and exi t velocities up to 500 ft/sec. Thus , the enti re

flow system is dominate d by the jet influence . The presence of static recir-

cula tion zones in some geometries makes analysis of the flow complex , as the

aerodynam ic boundaries formed result in incomp lete filling of the flow vo lurie .

From a fluid dynamic stand point , the obvious solut i on is a lo w
or zero momentum in jection system . However , the total answer is no t tha t
sim ple. The interactions of the fl ow parameters wi th the thermal and chemi -

cal env ironments must also be considered . Laminar flow might change the

rate of heating of the gas , as well as i ts res idence t i me , be fore reac hi ng
the substra te. The impact of these interactions is yet to be defi ned.

The current d i screte ori fi ce i njector des ig n also requ i res ro-
tation of the furnace canister to average out flow perturbations and assure a
uniform part. As would be expected , when the unit is not rotated , the i njec-
tor pattern can be seen clearly on the coated part. There are several ways
in which this effect coul d be remedied. The use of porous or transpirati on

injectors would certainl y result in homogenous flow . Other possibili ties are
impinging element injectors , slo ts, or the intro duct i on of swi rl or rotation
to the injected gases . However , the mos t des i rab le i njec tor confi gurat i on
canno t be designed unti l more information is availalbe concerning the above—

ment i oned i nterac ti ons.

9. Conclusions from Flow Simulation Studies

The major con tri but i on of the flow sim ulator studi es to date
is recognition of the dominance of the injector in establishing the flow
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profile. Even though the bulk fl ow is well into the laminar region , even at
the nost constricted flow area zones , the jet tur bulence i s so great tha t
turbulent eddies can often be observed well past the substrate location.

Other flow perturbations can be induced by rapid divergence
of the flow channel or sudden turning of the flow dir ect ion. These factors
are mi nor compared to the injector effects , but can lead to unexpected recir-
culation areas or stagnation points where they may not be desirable.

The double annulus configuration is the least stable from a
f luid dynamic standpoint. Th is geometry can exhibit bimodal f low chara cter i s-
ti cs i n wh i ch the flow can rec i rculate aroun d the su bstra te in either di rec-
t i o n , or bifurcate at the substrate and pass around both sides in the down-
stream direction.

It i s clear tha t lam i nar , parallel f low can be imposed upon
any of the geometries considered by a combin ation of reduced jet momentum

and improved f low passage design. However , the desirability of parallel ,
lam i nar flow has not yet been proven. This type of flow woul d maxi m i ze con-
t ro l labil i ty and be relative ly simp le to model analytically. Therefore , i f

it i s compat ib le wi th the other para meters such as the thermal pro fi le , the
gas concentration , and the transport properties, it could represent a signi-
ficant improvement i n un derstandi ng of the codepos it process.
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SECTION V
CONCLUSIONS AND RECOMMENDATIONS

The major conclusions drawn from the experimental results of

this program are:

(1) An acicular SiC structure can be obtained in a PG/SiC
coating deposited at reduced (subatmospheric) pressure .

(2) The SiC structure is related to pressure.
(3) Acceptable deposition rates can be achieved when codepositin g

at reduced pressure .
(4) Reduced pressure codepos i ts bond strongly to AL) substrates .

( b )  Smooth coatings can be achieved at reduced pressure when
the gas flow is parallel to the coating surface .

It is recomended that additional deposition experiments be

conducted in orde r to define the envelop bounded by pressure , temperature and

gas composition in which the acicular SiC structure occurs . Such data will

be needed before optimi zed process conditions can be defined. These data
should be supplemented with analyses (and experiments as necessary ) to quant i—

tatively describe flow patterns and heat transfer mechanisms in the deposition

furnace . 
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